After considering the supernova shock effects, the Mikheyev-Smirnov-Wolfenstein effects, the neutrino collective effects, and the Earth matter effects, the detection of supernova neutrinos at China Spallation Neutron Sources is studied and the event numbers of different flavor supernova neutrinos observed through various reaction channels are calculated with the neutrino energy spectra described by the Fermi-Dirac distribution and "beta fit" distribution respectively. Furthermore, the numerical calculation method of supernova neutrino detection on the Earth is applied to some other spallation neutron sources, and the total event numbers of supernova neutrinos observed through different reactions channels are given.
Introduction
Supernovas (SNs) are extremely powerful explosions in the universe which terminate the life of some stars. They make the catastrophic end of stars more massive than eight solar masses (> 8M ⊙ ), leaving behind compact remnants such as neutron stars or black holes. The SN explosion is one of the most spectacular cosmic events and a source of new physical ideas [1] . A broad area of fundamental physics can be studied by the observation of SN [2] . Detection of SN neutrinos on the Earth [3] , such as SN1987A [4, 5] , has been a subject of intense investigation in astroparticle physics. Some information about the SN explosion mechanism and neutrino mixing parameters can be obtained by detecting SN neutrinos on the Earth [2, 6] .
China Spallation Neutron Source (CSNS) [7] is a high power accelerator based facility. It consists of an 80 MeV proton linac, a 1.6 GeV Rapid Cycling Synchrotron (RCS), a solid tungsten target station, and instruments for spallation neutron applications [8] . The accelerator operates at 25 HZ repetition rate with an initial design beam power of 100 kW and is upgradeable to 500 kW [9, 10] . As the exclusive spallation neutron source in developing countries, CSNS will be among the top four of such facilities in the world until completion. By using the code FLUKA, the processes of accelerator neutrinos production during the proton beam hitting on the tungsten target at CSNS were simulated, and the energy spectra of accelerator neutrinos were gained [11] , as shown in Fig. 1(a) . While considering the SN shock effects [12] [13] [14] [15] , the Mikheyev-Smirnov-Wolfenstein (MSW) effects [16] [17] [18] [19] , the neutrino collective effects [20] [21] [22] , and the Earth matter effects [23] [24] [25] , the detection of SN neutrinos on the Earth was studied [26] . Then, the energy spectra of SN neutrinos can be calculated, as shown in Fig. 1(b) . To compare the energy spectra of accelerator neutrinos with that of SN neutrinos, it is clear that the energy spectrum ranges of SN neutrinos are very close to that of accelerator neutrinos. Therefore, by using the accelerator neutrino detector at spallation neutron sources, different flavor neutrinos from a SN explosion can also be detected, and then can be served as a SN Early Warning System [27] .
SN neutrino detection at CSNS
In the core collapse of SN, a vast amount of neutrinos are produced in two bursts [28, 29] . When SN neutrinos of each flavor are produced, they are approximately the effective mass eigenstates due to the extremely high matter density environment. While neutrinos propagate outward to the surface of the SN, they could be subjected to the SN shock effects, the MSW effects, and the neutrino collective effects. Then, after travelling the cosmic distance to reach the Earth, they go through a part of the Earth and are subjected to the Earth matter effects. When all effects, including the SN shock effects, the MSW effects, the neutrino collective effects, and the Earth matter effects, are taken into account, the SN neutrino fluxes at the detector can be written as [26] 
where x = µ, τ , and the survival probabilities p andp are given by
for the normal mass hierarchy and
for the inverted mass hierarchy. In Eqs. (2) and (3), P 2e (P 2e ) is the probability that a (anti)neutrino mass eigenstate ν 2 (ν 2 ) enters the surface of the Earth and arrives at the detector as an electron (anti)neutrino ν e (ν e ), P νν (P νν ) is the probability that the (anti)neutrino ν(ν) remains as ν(ν) after the collective effects, and P H (P H ) is the crossing probability for (anti)neutrinos to jump from one eigenstate to another at the high resonance layer [26] . We assume a "standard" SN explosion at a distance D = 10 kpc from the Earth, releasing a total energy E B = 3 × 10 53 erg (similar to SN1987A [4, 5] ). For the SN neutrino of flavor α (α = e, µ, τ ), the luminosity flux is distributed in time as
In general simulations, the time-integrated neutrino energy spectra can be described by the Fermi-Dirca distribution (the "Livermore" model) [30] or "beta fit" distribution (the "Garching" model) [31] :
where E is the neutrino energy, T α is the temperature of the neutrino α, η α is the dimensionless pinching parameter of the spectrum, and F αj is defined by
where j is an integer. The spectra obtained from numerical simulations can be well fitted by [32, 33] T νe = 3 − 4M eV, η νe ≈ 3 − 5,
where E α is the neutrino average energy and β α is the dimensionless pinching parameter. The spectra obtained from numerical simulations can be well fitted by [2, 34] 
Therefore, the event numbers N (i) of SN neutrinos observed through various reaction channels "i" can be calculated by
where N T is the target number, σ(i) is the cross section of the given reaction channel, and D is the distance between the SN and the Earth.
For CSNS [11] , a medium scale detector would be placed just below the ground surface about 50-60 meters from the spallation target. A spherical 803 tons fiducial mass of mineral oil (CH 2 , density 0.845 g/cm 3 ) has a fiducial radius of 6.1 m, occupying a volume of 950 m 3 . Then the total event numbers of target protons, electrons, and 12 C are It is clear that there are three reaction channels which can be used to detect SN neutrinos: the inverse beta decay, the neutrino-electron reactions, and the neutrinocarbon reactions. Table 1 shows the reaction thresholds, target numbers, and effective cross sections for the three reactions [35] [36] [37] [38] . It can be seen that, for the inverse beta decay, the neutrino events can be identified by the detection of both the e + and the 2.2 MeV γ from the reaction n+p → d+γ with a mean capture time τ = 250µs [39, 40] ; for the neutrino-electron reactions, the neutrino events can be identified by the signal of the recoil electrons which are strong peaked along the neutrino direction, and this forward peaking is usually used for experiments to distinguish the electron elastic scattering from the neutrino reactions on nuclei [41, 42] ; for the neutrino reactions on 12 C, there are two charged-current and six neutral-current reactions:
Charged-current capture of ν e : Neutral-current inelastic scattering of ν α orν α (α = e, µ, τ ):
The charged-current events have the delayed coincidence of a β decay following the interaction. The neutralcurrent events have a monoenergetic γ ray at 15.11 MeV. Therefore, the charged-current and neutral-current reactions on carbon can be tagged and observed by the neutrino detector [35, 43] .
In Table 1 , for the neutrino-carbon reactions, the effective cross sections of the charged-current interaction are given for SN neutrinos without oscillations. When neutrino oscillations are taken into account, the oscillations of higher energy ν x into ν e result in an increasing event rate since the expected ν e energies are just at or below the reaction threshold. This leads to an increase by a factor of 35 for the efficiency cross section σ( 12 C(ν e , e − ) 12 N ) . Similarly, the efficiency cross section σ( 12 C(ν e , e + ) 12 B) increases by a factor of 5. Since the energy spectrum ranges of accelerator neutrinos and reactor neutrinos are close to that of SN neutrinos, the background due to the accelerator neutrinos from CSNS and the reactor neutrinos from Daya Bay reactor need to be estimated while observing SN neutrinos. After careful calculation and analysis [11] , with the neutrino detector at CSNS, the event number of accelerator neutrinos which can be observed is about 10
per second. The neutrino luminosity of Daya Bay reactor is very large [44] , however, due to the long distance of Daya Bay reactor from CSNS (about 70 km), the event number of reactor neutrinos observed at CSNS is about 10 −3 ∼ 10 −4 per second by detailed calculation. It is known that the SN explosion lasts for only about 20 second. Therefore, the event numbers of accelerator neutrinos and reactor neutrinos are very few and can be ignored during the detection of SN neutrinos at CSNS. SN relic neutrinos, also known as diffuse SN neutrino background, is of intense interest in neutrino astronomy and neutrino physics [45] . With the neutrino detector at CSNS, the event number of SN relic neutrinos which can be observed [46] is about 10 −7 ∼ 10 −8 per second. Due to the very short time of SN explosion, the background of SN relic neutrinos can also be neglected.
In general, there is no serious background because of the characteristics of the SN neutrino events which are concentrated in a short 20 second interval with energies no more than 30 MeV. This has been confirmed in the Kamiokande [4] and IMB [5] neutrino events of SN1987A.
In order to calculate the event numbers of SN neutrinos more accurately, the energy resolution and event selection need to be studied, and then the detector efficiency can be obtained. For the proposed CSNS detector, we choose to use the detector efficiency ε pc for the inverse beta decay, ε ec for the neutrino-electron reactions, ε cc for the neutrino-carbon reactions, respectively, during the calculation of the SN neutrino event numbers [47] .
To make use of the latest experiment results of neutrino oscillations [48, 49] By using Eqs. (1)- (9), the event numbers of SN neutrinos detected on the Earth can be calculated. The numerical results calculated with the neutrino energy spectra described by the Fermi-Dirac distribution and "beta fit" distribution are both shown in Table 2 . In the table, the event number ranges of different flavor neutrinos observed through various reaction channels: the inverse beta decay, the neutrino-electron reactions, and the neutrino-carbon reactions, are given. It can be found that:
(i) If ε pc ≃ ε ec ≃ ε cc , the total event number of different flavor neutrinos observed through the channel of the neutrino-electron reactions is much smaller than that of the inverse beta decay and neutrino-carbon reactions; (ii) If ε pc ≃ ε ec ≃ ε cc , the event number ofν e observed through the channel of the inverse beta decay is much larger than that of the neutrino-electron reactions and neutrino-carbon reactions;
(iii) For the inverse beta decay, the event number of ν e calculated with the neutrino energy spectra described by the Fermi-Dirac distribution is larger than that by the "beta fit" distribution; however, for the neutrino-carbon reactions, the event numbers of different flavor neutrinos calculated with the neutrino energy spectra described by the Fermi-Dirac distribution are all smaller than that by the "beta fit" distribution;
(iv) For the neutrino-electron reactions and neutrinocarbon reactions, the event numbers of ν e andν e are larger than that of ν x andν x ; (v) More precise values of T α and η α ( E α and β α ) will help obtain more reliable event number ranges of SN neutrinos [1, 50] .
(vi) Until the completion of the design of neutrino detector at CSNS, the detector efficiency will be given and more accurate event number ranges of SN neutrinos can be gained.
In the next section, the numerical calculation method of SN neutrino detection on the Earth will be applied for some other spallation neutron sources at GeV energy range in the world.
3 SN neutrino detection at other spallation neutron sources In the history of neutrino research, there are many famous neutrino experiments which were based on spallation neutron sources and gained very important achievements [51] , such as the Liquid Scintillator Neutrino Detector (LSND) [52] at the Los Alamos Meson Physics Facility (LAMPF), the Karlsruhe Rutherford Medium Energy Neutrino experiment (KARMEN) [53, 54] at the Spallation Neutron Source of Rutherford Appleton Laboratory (ISIS) [55] and so on. Since the 21st century, some new spallation neutron sources have been finished or under construction, and they may be used for accelerator neutrino experiments in the future, such as the Spallation Neutron Source at Oak Ridge National Laboratory (SNS) [56] , CSNS [7] , the European Spallation Neutron Source (ESS) [57] and so on. In Table 3 , we list the material of liquid scintillator, the detector masses, the underground depth of the detectors, and the target numbers of the proposed neutrino detectors at some current spallation neutron sources at GeV energy range in the world. Similar to the proposed neutrino detector at CSNS discussed in the above section, these neutrino detectors can also be used for observing SN neutrinos, and some information about the neutrino mixing parameters and explosion mechanism of SN may be gained.
For the neutrino detector at SNS, there are three reaction channels which can be used to detect SN neutrinos: the inverse beta decay, the neutrino-electron reactions, and the neutrino-carbon reactions, and their effective cross sections are given in Table 1 . For the neutrino detector at ESS, there are also three reaction channels which can be used to detect SN neutrinos: the inverse beta decay, the neutrino-electron reactions, and the neutrino-oxygen reactions. The effective cross sections for the inverse beta decay and neutrino-electron reactions are given in Table 1 , and the total effective cross sections for the neutrino-oxygen reactions are given as follows [60] [61] [62] :
The effective cross sections of the charged-current interaction in Eq. (10) are given for SN neutrinos without oscillations. When neutrino oscillations are taken into account, the oscillations of higher energy ν x into ν e result in an increased event rate since the expected ν e energies are just at or below the reaction threshold. This leads to an increase by a factor of 71.7 for the efficiency cross section σ( Similar to the CSNS detector, in order to calculate the event numbers of SN neutrinos more accurately, for the SNS detector, we choose to use the detector efficiency ε ps for the inverse beta decay, ε es for the neutrinoelectron reactions, ε cs for the neutrino-carbon reactions, respectively; for the ESS detector, we choose to use the detector efficiency ε pe for the inverse beta decay, ε ee for the neutrino-electron reactions, ε oe for the neutrinooxygen reactions, respectively.
By using Eqs. (1)- (9), the event numbers of SN neutrinos detected at SNS and ESS can be calculated. The numerical results calculated with the neutrino energy spectra described by the Fermi-Dirac distribution and "beta fit" distribution are both shown in Table 4 . In the table, the total event number ranges of SN neutrinos observed through various reaction channels: the inverse beta decay, the neutrino-electron reactions, the neutrinocarbon reactions, and the neutrino-oxygen reactions, are given. It can be found that:
(i) If the efficiencies of different detectors are similar, then the total event number of SN neutrinos detected at ESS is much larger than that at CSNS and SNS;
(ii) The total event numbers of SN neutrinos detected in the case of inverted hierarchy are larger than that of normal hierarchy; (iii) If the detector efficiencies of different reaction channels are similar, then the total event number of SN neutrinos observed through the channel of the neutrinoelectron reactions is much smaller than that of the inverse beta decay, the neutrino-carbon reactions, and the neutrino-oxygen reactions;
(iv) For the inverse beta decay, the total event number of SN neutrinos calculated with the neutrino energy spectra described by the Fermi-Dirac distribution is larger than that by the "beta fit" distribution; however, for the neutrino-carbon reactions and neutrino-oxygen reactions, the total event numbers of SN neutrinos calculated with the neutrino energy spectra described by the Fermi-Dirac distribution are both smaller than that by the "beta fit" distribution. Table 4 .
Summary of the total event number ranges of SN neutrinos detected in various reactions at SNS and ESS. "Range (FD)" ("Range (BF)") stands for the event number ranges of SN neutrinos calculated by using the Fermi-Dirac ("beta fit") distribution, "[x, y]ε" stands for the event number range satisfied x × ε N y × ε where ε is the detector efficiency. 
Summary and discussion
In this paper, the SN neutrino detection on the Earth was studied. While considering all effects: the SN shock effects, the MSW effects, the neutrino collective effects, and the Earth matter effects, the detection of SN neutrinos on the Earth was studied. Then, the event number ranges of different flavor SN neutrinos observed through various reaction channels at CSNS: the inverse beta decay, the neutrino-electron reactions and the neutrinocarbon reactions, were calculated with the neutrino energy spectra described by the Fermi-Dirac distribution and "beta fit" distribution respectively.
Applying the numerical calculation method of SN neutrino detection on the Earth to some other spallation neutron sources (SNS and ESS) at GeV energy range, and the total event number ranges of SN neutrinos detected in different reactions channels (SNS: the inverse beta decay, the neutrino-electron reactions, the neutrino-carbon reactions; ESS: the inverse beta decay, the neutrino-electron reactions, the neutrino-oxygen reactions) were calculated.
In the future, after the completion of the design of neutrino detector at spallation neutron sources (CSNS, SNS, ESS), the detector efficiency will be given and more accurate event number ranges of SN neutrinos can be gained. Furthermore, it is known that more precise values of T α and η α ( E α and β α ) will give more reliable event number ranges of SN neutrinos.
